Deoxyribonucleic acid (DNA) and ribonucleic acid (RNA) hybridization in formamide at low temperature was applied to hybridization of cIX174 replicative form DNA and in vivo cIX174 specific messenger RNA (mRNA) with some modification. We found that 4)X174 mRNA up to molecular weight 1.2 X 106 could be hybridized to and eluted from DNA without apparent breakage of phosphodiester bonds and the 5' terminal guanosine triphosphate and adenosine triphosphate of the RNA. By alkali hydrolysis of the purified in vivo 4X174 mRNA and subsequent thin-layer chromatography of the digest, we isolated the 5' terminal nucleotides and identified them as 2'-or 3'-monophosphate guanosine 5'-triphosphate (pppGp) and 2'-or 3'-monophosphate adenosine 5'-triphosphate (pppAp). By comparing the in vitro and in vivo synthesized 40X174 mRNA, a difference in the pppAp-pppGp ratio was observed. In the in vitro RNA, this ratio was 1.5, whereas in the in vivo RNA it was 5.5.
Synthesis and degradation of messenger ribonucleic acid (mRNA) in vivo and in vitro start at the 5' end of the molecule (2, 8, 13, [15] [16] [17] . Evidence has been presented that the 5' end of the in vitro synthesized ribonucleic acid (RNA) contains adenosine triphosphate (pppA) or guanosine triphosphates (pppG) preferentially (15) . Jorgensen et al. (12) showed that alknine hydrolysates of total RNA synthesized in vivo by Escherichia coli contained ribonucleoside-3'-monophosphate-5'-triphosphate (pppNp), with N being almost exclusively adenosine or guanosine. They concluded that these arise by hydrolysis of the initial nucleoside triphosphate from the 5' termini of the nascent RNA chains.
We have been interested in the fate of the 5'-triphosphate residues of 4X174 mRNA during synthesis in vivo and especially during degradation of the RNA. This required the isolation of intact 40X174 mRNA free from the host specific RNA species which are being synthesized actively after infection (11) . 4X174 mRNA isolated from infected cells assumes several discrete molecular weights from 0.2 X 106 to 1.7 x 106. In some cases, 4X174 mRNA larger than the whole genome length (1.7 X 106) was found (11) . We searched for a way to isolate 40X174 mRNA species while conserving these discrete molecular weights and their 5' terminal triphosphates. The commonly used deoxyribonucleic acid (DNA)-RNA hybridization technique is inadequate for this purpose because (i) the high temperature used for annealing of DNA and RNA (45 to 65 C) caused thermal breakage of phosphodiester bonds of the RNA and (ii) the obligatory use of ribonucleases to increase the specificity of hybridization reduced the yield of 5' terminal phosphates. Presumably, the nucleases preferentially cleaved near the end of the hybridized RNA. Hybridization in formamide developed by Bonner et al. (3), Weiss et al. (21) , Scherberg and Weiss (20) , and McConaughy et al. (14) suggested a decreased degradation of the nucleic acids at lower temperatures and increased specificity of DNA-RNA annealing without the use of ribonuclease. Scherberg and Weiss (20) also showed that during the hybridization process, the amino acyl residue of the transfer RNA (tRNA) is conserved.
These results did not include the rate of degradation of phosphodiester bonds in RNA during hybridization. We adapted these methods with some modifications for our purpose and found that (i) mRNA up to molecular weight 1.2 x 106 could be hybridized to and eluted from DNA without apparent breakage of the phosphodiester bond of RNA and (ii) the 5' terminal pppG and pppA of 40X174 mRNA remained intact with about 90%
yield after hybridization and subsequent elution.
Using 4X174 mRNA so purified, we isolated the 5' terminal nucleotides by thin-layer chromatography (TLC) and identified them as 2'-or 3'-monophosphate guanosine 5'-triphosphate (pppGp) and 2'-or 3'-monophosphate adenosine 5'-triphosphate (pppAp). These methods are quite reproducible and we expect that they are suitable not only for the study of the 5' termini of RNA but also for isolating large molecular-weight RNA intact. As the first part of our study on the 5' termini of 4X174 mRNA, we wish to describe these methods.
MATERIALS AND METHODS
Preparation and isolation of the total RNA from cIX174-infected E. coli. E. coli HF4704 (sus-) cells were infected with 1X174 Nl1 (an amber mutant in lysis gene E) and were prepared by the method described by Hayashi and Hayashi (11) . They were pulse-labeled between 10 and 13 min after infection with 32p_043-(200 ,Ci/ml, 10-4 M). Alternatively, an RNA sample which represented all stages of infection was prepared as follows. E. coil HF4704 was grown in HF complete medium (5), washed with HF basal medium (5) , and resuspended in the same medium at 5 X 109 cells/ml. Wild-type 4'X174 was added at a multiplicity of infection (MOI) of _ 5. Adsorption was performed at 37 C for 10 min, and then the phage-cell complex was kept at room temperature. One milliliter of the phage-cell complex was added every 2 min to prewarmed HF complete medium (40 ml) at 37 C under aeration. By the time the 10th complex was added, the flask contained infected cells at all stages of infection. Then 20 mCi of 32P043-was added. Five minutes later, total RNA was isolated (11) .
Sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis of RNA has been detailed by Hayashi and Hayashi (11) .
In vitro 4X174 mRNA. In vitro 4X174 mRNA labeled at the 5' termini with guanosine triphosphate (GTP)-y-32P or adenosine triphosphate (ATP)--y-32P was synthesized using 4'X174 replicative form DNA (RF DNA), DNA-dependent RNA polymerase (RNA polymerase) and p factor as described previously (10). RNA polymerase was purified from E. coli C BTCC122 by the method of Berg et al.
(1), and p factor was purified by the method of Roberts (19) . GTP-y-32P and ATP--y-32P were synthesized by the method of Glynn and Chappell (7) . Specific activities of these nucleotides were 8 Ci/mmole.
DNA-RNA hybridization. DNA-RNA hybridization in formamide will be detailed in the text. High temperature (60 C) hybridization was described by Hayashi and Hayashi (10 TLC. Two-dimensional TLC was performed by using PEI cellulose F anion exchanger. After the sample (about 50,ug, including markers) was applied at the starting point, the sheet was soaked in absolute methanol for 10 min with moderate agitation and then dried at room temperature. At the top of the sheet, Desaga paper tongues A and B (Brinkman Co.) were attached. In the first dimension, the sheet was developed in 2 M sodium-formate, pH 3.4 (18), for 2.5 to 3 hr. After drying the sheet at room temperature, the bottom and front area of the first dimension were cut off to obtain a uniform front for the second development. Sodium-formate was then removed from the sheet by soaking and slowly shaking the sheet in 500 ml of methanol for 15 min. This process was repeated once. The sheet was dried at room temperature and a paper tongue was applied to the top end. The sheet was put in the second dimension buffer (0.75 M KH2PO4 adjusted to pH 3.4 with 0.75 M phosphoric acid (4)) and developed for 100 to 120 min. The marker spots were detected under the ultraviolet lamp. Materials containing 32p were detected by autoradiography on X-ray film and then the powder from the labeled area was scraped off and transferred to scintillation fluid and counted. In this TLC system, 3'-and 2'-adenosine monophosphate (AMP), 3'-and 2'-guanosine monophosphate (GMP), 5' guanosine diphosphate, 5' cytidine diphosphate, 5' uridine diphosphate, 5' adenosine diphosphate, 5' ATP, 5' GTP, 5' uridine triphosphate (UTP), 5' cytidine triphosphate (CTP), 5'A tetra P, and 5'G tetra P are all separable if tongues are not used. Cytidine monophosphate and uridine monophosphate (CMP) (UMP) were not separable ( Fig. 1) . However, to move pppAp and pppGp away from the origin and to avoid contamination at the pppGp or pppAp region from monophosphates tailing, tongues were applied. In this case, CMP, UMP and a part of AMP were absorbed in the tongues.
Formamide was purchased from Matheson, Coleman, and Bell Co. (99%) and used without further purification. All phosphorylated nucleosides except guanosine 5'-tetraphosphate (ppppG) and adenosine 5'-tetraphosphate (ppppA) were from P. L. Biochemicals. Both ppppG and ppppA were from Sigma Chemical Co. 3H-UTP was purchased from New England Nuclear Corp. and diluted to 20,000 counts per min per nmole with cold UTP.
TLC plates (PEI cellulose anion exchanger, precoated TLC plates) were purchased from Brinkman Co. and were activated according to their instructions. RESULTS Stability of molecular size during hybridization. According to preliminary tests recorded in Fig. 2 (1 ml) contained 2 X SSC, 65 % (v/v) formamide, 0.2 % SDS, and the RNA sample. Denatured DNA, fixed on a membrane filter by the method of Gillespie and Spiegelman (6) was added, and the mixture was incubated at 25 C for 24 hr. Filters were washed as described in the legend to Fig. 2 , and the hybridized RNA was eluted from the filter by incubating in 70% formamide at 45 C for 120 min. About 10% of the counts hybridized to the filter paper could not be eluted even by reincubating in fresh 70% formamide. The nature of these remaining counts is unknown.
To examine whether or not this hybridization method annealed RF DNA and a specific molecular-weight class RNA, the following experiment was performed. 3H-uridine pulse-labeled RNA isolated from DX174-infected E. coli was divided into two portions. One portion was used for the isolation of sFX174 specific mRNA by using the formamide method described above, and the molecular weight of the hybridized RNA was analyzed by polyacrylamide gel electrophoresis (11) (prehybridization method).
The remaining portion of the total RNA was first subjected to the polyacrylamide gel electrophoresis, eluted from the gel slices, and then hybridized to RIF DNA by the high temperature method (10) (post-hybridization method). Figure   3 compares the profiles of the molecular-weight distributions of IX174 mRNA by these two methods. In both cases, c1X174 mRNA was distributed through the gels in a very similar way. The molecular weights of RNA at fractions 13 and 16 ( Fig. 3) were previously estimated as 1.7 X 106 and 1.2 x 106, respectively (11) . From Fig. 2 ) was divided in two portions. (a) A portion of the total RNA was hybridizedfor 24 hr at 25 C with denatured 4'X174 RF DNA (5 ,ug/filter) as described in Fig. 2 , and the hybridized RNA was eluted with 70% formamide for 120 min at 45 C. The eluted RNA was mixed with 50 ,g ofE. coli tRNA as carrier and was precipitated by adding 2 volumes of ethanol. The precipitate was collected by centrifugation and dissolved in 20 ,uditers of water and heated at 65 C for 5 min and then subjected to SDS-polyacrylamide gel electrophoresis. 14C-uracil-labeled total E. coli RNA was added as internal marker. After electrophoresis, the gel was sliced in 2-mm discs, and the discs were dissolved in a toluene-based scintillationfluid containing 5% NCS (Amersham Searle Co.). (0) Hybridized 3H-RNA; (0) 14C-RNA marker. (b) The remaining portion of 3H-labeled total RNA was first subjected to SDS-polyacrylamide gel electrophoresis with 14C total RNA marker. After the gel was sliced in 2-mm discs, RNA was elutedfrom each disc with 0.5 ml of2 X SSC overnight in the cold. Samples of eluate were used for the determination of the total counts. The remaining portiotn of eluate was hybridized in 2 X SSC at 60 C overnight with 0.25 ,ug of denatured 4XI 74 RF DNA which had been fixed on membrane filters (0.6 cm diameter). Filters were treated with ribonuclease and ribonuclease-resistant hybrid counts were determined (J0). Symbols: *, 3H hybrid counts;--, 3H total counts; 0, 14C total RNA counts.
weight region (fractions 5 to 13 of Fig. 3) there was a slight difference in size distribution. The prehybridized RNA was not resolved as well as the post-hybridization profile. This may mean that some RNA (especially larger species) may undergo a limited break. This notion may also explain the more sharply resolved 1X174 mRNA profile in the post-hybridization method than in the prehybridization method. In contrast to the formamide method, when the RNA hybridized at 60 C in 2 X SSC for 5 hr was eluted from the filter paper and examined for the molecularweight distribution, it migrated heterogenously between 16S and 4S (data not shown). (20) showed that the formamide method prevented the cleavage of the aminoacyl bond of the charged RNA. We examined the stability of the 5' end of the RNA during hybridization in the following way. Guanosine triphosphate-'y-32P or adenosine triphosphate-'y-82P and 'H-UTP were used to label 5' termini and internal UMP, respectively, in an in vitro RNA-synthesizing system with RF DNA as a template (9) . RNA was isolated by the phenol method and extensively dialyzed against 2 X SSC and then subjected to Sephadex G50 filtration. These purified RNA species were subjected to the hybridization in formamide and to the elution by formamide as described above. The results are summarized in Table 1 . Table 1 also describes several parameters obtained from these experiments. The ratio of 32P-3H of the original and hybridized then eluted RNA was 0.93 and 0.87 for ATP start RNA and GTP start RNA, respectively, indicating about 90% of the terminal phosphates remained intact. The efficiency of the hybridization was about 50% in this case. The efficiency of in vivo 4DX174 mRNA hybridization is different from preparation to preparation. For example, when 8H-uridine was used to label RNA after 4DX174 infection, about 2 to 10% of the total incorporated counts could be hybridized to 4cX174 RF DNA depending upon the MOI and time after infection (11 and unpublished observation). However, when the 40X174 mRNA was eluted from the DNA filter paper then hybridized a second time, this purified mRNA could be hybridized at an efficiency of about 50%, which is very similar to the efficiency of in vitro RNA.
Identification of pppGp and pppAp on TLC.
5'-'y-32P-labeled in vitro RNA species were hydrolyzed with KOH and subjected to TLC as detailed above. Commerically available ppppA and ppppG were added as ultraviolet markers. Figure  4 shows the relative position of pppAp and pppGp with respect to ppppA and ppppG. Although 5' tetraphosphates did not overlap with the corresponding pppNp, these provide convenient ultraviolet markers when hydrolysates of in vivo RNA were developed in TLC. Therefore, 5' tetraphosphates were usually added. Frequently, pppAp appeared on TLC as two very closely aligned spots. Most probably, there are 2'-or 3'-phosphorylated-5' ATP isomers. 5' Termini of RNA isolated from cells infected with 4X174. To isolate 0X(174 mRNA synthesized during the entire process of infection, "all stagepulsed" 40(174-infected cells were prepared as detailed above, and isolated total RNA was subjected to hybridization in formamide as described in the preceding sections. Since the host E. colispecific RNA synthesis continued even after 40X174 infection (11), the total RNA was hybridized to 40X174 RF DNA or to E. coli DNA separately, and the 5' termini of these two RNA species were examined by TLC after alkali hydrolysis. A typical fingerprint of a 40X174 mRNA hydrolysate is shown in Fig. 5 . The positions of pppAp and pppGp were confirmed by a separate, simultaneous TLC of an authentic pppAp and pppGp from the in vitro RNA hydrolysate as detailed above and by the relative position of the ultraviolet marker ppppA and ppppG. Furthermore, when 40X174-infected cells were pulselabeled with 3H-uridine or 3H-cytidine with high specific activity (>10 Ci/mole, 0.1 pg/ml), no 3H counts appeared in this region, indicating that if 2'-or 3'-monophosphate uridine 5'-triphosphate (pppUp) or 2'-or 3'-monophosphate cytidine 5'-triphosphate (pppCp) existed in the hydrolysate they did not migrate in the pppAp or pppGp region. Figure 5 also indicates several unidentified spots beside 2' or 3' AMP and 2' or 3' GMP. UMP or CMP was adsorbed in the tongues (see above). X1 and X2 are very close to the marker pppA. A marker ppG migrated near Y1 and Y2. Consistently, spots P, Q, and R were also observed. formamide showed very similar fingerprints as that of CFX174 mRNA in Fig. 5 . E. coli-specific RNA also contained X, Y, P, Q, and R spots. It was thought at first that, in the 4DX174 mRNA fingerprint, these unidentified spots were derived from the contaminating ribosomal or tRNA nonspecifically bound to the 41X174 RF DNA filter paper. However, this possibility is highly unlikely because (i) the specificity of the hybridization is very high (see Fig. 2 ) and, (ii) when 4X174 mRNA eluted from RF DNA after hybridization was rehybridized to RF DNA, the rehybridized RNA also showed these spots with almost identical 32p distribution as the original RNA which had been hybridized to RF DNA only once. (Table 2) , a difference in the pppAp/pppGp ratio can be noticed. In the in vitro RNA, this ratio is 1.5, whereas in the in vivo RNA this ratio is 5.5. Further investigation will be needed to determine whether this is simply due to the difference of the specific activities of the RNA precursors or if in vivo (DX174 mRNA synthesis preferentially starts with A. It could also be due to preferred degradation of G start RNA in vivo.
In vitro 4IX174 RNA starts almost exclusively with G or A but not U or C (Hayashi and Hayashi, unpublished observation). It is an interesting question to ask whether or not this is also true of in vivo RNA. Because of the unavailability of authentic pppUp or pppCp, this has not been determined.
Our previous experiments (11) indicated that in vivo I5X174 mRNA was stable for at least 10 min. This has been shown by pulse and pulsechase experiments with IH-uridine. When pulselabeled RNA was analyzed by acrylamide gel electrophoresis (as shown in Fig. 3 ), several discrete peaks of -FX174 mRNA were observed. These peaks remained at least 10 min after the chase with cold uridine was performed. This indicated to us that IX174 mRNA was stable as far as the size distribution of RNA species were concerned. However, the experiments recorded in Table 2 indicated that the ratio of 5' termini phosphate to total RNA synthesis (pppNp/GMP) for (DX174 mRNA was lower than that of E. coli-specific RNA isolated from infected cells or that of the uninfected E. coli RNA which is known to be unstable. The significance of these observations and their possible relationship to the stability of mRNA species are now under investigation.
Two methods are described in this paper. The isolation of an intact mRNA and a TLC system, which is particularly free of background counts around the pppGp and pppAp regions, will be useful techniques for further elucidation of these problems.
